Introduction
Porphyromonas gingivalis, a Gram-negative anaerobic bacterium, is one of the most important pathogens associated with chronic periodontitis (1) . Furthermore, many studies have reported an association between periodontitis and systemic diseases, such as cardiovascular disease, diabetes, and osteoporosis (2) (3) (4) (5) (6) . Colonization of this bacterium in gingival tissues and the agglutination of erythrocytes are critical in the pathogenic process of periodontal disease (7, 8) . The outer membrane protein (OMP) with a molecular mass of 40 kDa produced by P. gingivalis (40k-OMP) is a key virulence factor for coaggregation, and is a hemin-binding protein of P. gingivalis (9, 10) . 40k-OMP is found in various strains of P. gingivalis and resides both on the cell surface and in extracellular vesicles (9, (11) (12) (13) (14) . Moreover, in previous studies, we have demonstrated that nasal immunization with 40k-OMP plus cholera toxin (CT) or non-toxic chimeric enterotoxin (mCTA/LTB) elicited 40k-OMP-specific secretory immunoglobulin A (IgA) and IgG antibodies (Abs) in both saliva and serum, which inhibited the coaggregation activity of P. gingivalis, thus reducing alveolar bone loss (15) (16) (17) (18) . Furthermore, when apolipoprotein E-deficient spontaneously hyperlipidemic mice were immunized intranasally with 40k-OMP plus CT before infection with P. gingivalis, atherosclerotic plaque deposition in the aortic sinus was significantly reduced (19) . These studies suggest that 40k-OMP may be an effective vaccine antigen (Ag) for prevention of P. gingivalis infection.
Nasal vaccine is an attractive approach for immunization and offers several advantages. First, nasal immunization induces both mucosal and systemic immune responses, thus eliciting two layers of host protection against infectious disease. Second, nasal immunization is advantageous from a practical viewpoint because it does not require needles and syringes. Third, nasal immunization can be administered by volunteers without professional training, allowing many people to be immunized, especially in developing countries. Most previous studies of mucosal immunization have been carried out using young mice, but its effects in aged mice are unknown. The risk and severity of periodontal disease, and some systemic diseases related to it, increase with age.
Therefore, in this study, we assessed the potential of a nasal vaccine using 40k-OMP plus CT to prevent oral infection by P. gingivalis followed by chronic periodontitis in aged mice.
Materials and Methods

Mice
Female BALB/c mice were purchased from Sankyo Laboratories (Tokyo, Japan). Mice were divided into three age groups: 8 weeks, 1 year, and 2 years (n = 5 per group). The present animal experiments were approved by the Institutional Animal Care and Use Committee of Nihon University. The mice were given sterile food and distilled water ad libitum.
Ag and adjuvant
The plasmid pMD125 expressing 40k-OMP was kindly provided by Dr. Yoshimitsu Abiko (Nihon University). The 40k-OMP was purified to homogeneity from a suspension of Escherichia coli K-12 harboring pMD125, as described previously (20) . The purity of the 40k-OMP was confirmed by SDS-PAGE, and no contaminating protein band was recognized (data not shown). Furthermore, determination of possible residual endotoxin in the preparation using a Limulus amoebocyte lysate (LAL) pyrochrome kit (Associates of Cape Cod Inc., East Falmouth, MA, USA) showed that the 40k-OMP contained ≤ 0.4 pg endotoxin. CT was purchased from List Biological Laboratories (Campbell, CA, USA).
Immunization and sample collection
Mice were immunized nasally with a 20-μL aliquot (10 μL per nostril) of phosphate-buffered saline (PBS) containing 10 μg 40k-OMP alone or combined with 1 μg CT on days 0, 7, and 14. Serum, saliva, and nasal wash samples were collected, as described elsewhere (21) , to examine 40k-OMP-specific Ab responses.
Detection of Ag-specific Ab responses
The Ab titers in serum, saliva, and nasal washes were determined by an enzyme-linked immunosorbent assay (ELISA) (22) . Briefly, microtiter plates were coated with 40k-OMP (5 μg/mL) and blocked with PBS containing 1% (w/v) bovine serum albumin. Then, serial dilutions of serum, nasal wash, and saliva samples were added. The starting dilution of IgG was 1:2 5 , while that of IgA was 1:2 2 . After overnight incubation at 4°C, the plates were washed, and incubated with horseradish peroxidase-labeled goat anti-mouse α, γ, γ1, γ2a, and γ2b heavy-chainspecific Abs (Southern Biotechnology Associates, Birmingham, AL, USA). Finally, the color reaction was developed with 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) in the presence of hydrogen peroxide (H 2 O 2 ; Moss, Inc., Pasadena, MD, USA). Endpoint titers were expressed as the reciprocal log 2 of the last dilution that provided an optical density at 414 nm of 0.1 greater than the background level after 15 min of incubation.
Enzyme linked immunospot (ELISPOT) for assessment of Ab-forming cells (AFCs)
Single-cell suspensions were obtained from nasal passages and spleens as described previously (23, 24) . Salivary glands were carefully excised from individual mice, and dissociated using 0.3 mg/mL collagenase type IV (Sigma-Aldrich, St. Louis, MO, USA). Mononuclear cells in the interface between the 40% and 75% layers of a discontinuous Percoll gradient (GE Healthcare UK, Ltd., Little Chalfont, Buckinghamshire, UK) were obtained. To assess the number of 40k-OMP-specific AFCs, an ELISPOT assay was performed as described previously (25) . Briefly, 96-well nitrocellulose plates (BD Biosciences, Franklin Lakes, NJ, USA) were coated with 40k-OMP (5 μg/mL), incubated overnight at 4°C, and then washed and blocked with RPMI-1640 medium (Gibco BRL, Rockville, MD, USA) containing 10% fetal calf serum. After 30 min, cell suspensions were added to the wells and incubated for 4 h at 37°C and 5% CO 2 in moist air. Then, the bound Abs were detected with goat horseradish peroxidase-conjugated anti-mouse α or γ heavy-chain-specific Abs (Southern Biotechnology Associates). After overnight incubation at 4°C, the plates were color developed by addition of 3-amino-9-ethylcarbazole dissolved in 0.1 M sodium acetate buffer containing H 2 O 2 (Moss, Inc.) to each well. Plates were incubated at room temperature for 25 min, and AFCs were counted with the aid of a stereomicroscope (Olympus, Tokyo, Japan).
Analysis of cytokine responses CD4
+ T cells were isolated from spleens as described previously (26) . Briefly, mononuclear cells were cocultured with anti-CD4 Abs and incubated at 4°C for 30 min; then the CD4 + T cells were isolated using a magnet. CD4 + T cells (2 × 10 6 cells/mL) were then cultured with 5 μg/mL 40k-OMP on a feeder layer of T-cell-depleted, mitomycin-treated spleen cells (2.5 × 10 6 cells) in RPMI-1640 medium containing 10% fetal bovine serum, 50 μM 2-mercaptoethanol, 15 mM HEPES, 100 U/ mL penicillin, 100 μg/mL streptomyin, and 10 U/mL recombinant IL-2 (Genzyme, Cambridge, MA, USA) for 48 h at 37°C and 5% CO 2 in moist air. Finally, the culture supernatants were harvested, and cytokine levels were determined using cytokine-specific ELISA kits for IFN-γ, IL-4, IL-5, and IL-6 (Pierce Biotechnology, Inc., Rockford, IL, USA).
Statistical analysis
All results are expressed as the mean ± standard deviation (SD). Data were analyzed using unpaired Student's t test. Differences at P < 0.05 were considered to be statistically significant.
Results
Induction of 40k-OMP-specific Ab responses
One-or 2-year-old mice given 40k-OMP plus CT by nasal immunization showed significant 40k-OMPspecific serum IgG and IgA Ab responses (Fig. 1A) . In contrast, only low levels of 40k-OMP-specific IgG Abs were induced after immunization with 40k-OMP alone in 1-or 2-year-old mice. In addition, nasal administration of 40k-OMP alone failed to elicit 40k-OMP-specific IgA Ab responses detectable in the starting serum dilution (log 2 of 2) used in these experiments. The results for serum Ab titers were also confirmed by AFC responses, which indicated significant numbers of 40k-OMP-specific IgA AFCs among the splenocytes of mice given 40k-OMP plus CT. High numbers of IgG AFCs were also detected in aged mice given 40k-OMP plus CT, although this value did not reach statistical significance (Fig. 1B) .
In addition, nasal immunization with 40k-OMP plus CT induced high levels of 40k-OMP-specific IgA Ab responses in both nasal washes and saliva, which were obtained 7 days after the last immunization. As expected, administration of 40k-OMP alone did not induce 40k-OMP-specific Ab responses that were above the dilution cut-off (log 2 of 2) (Fig. 2A) . To determine whether IgA Ab responses in external secretions were mucosa-associated or, alternatively, exudates from serum, the numbers of 40k-OMP-specific IgA AFCs were counted. High numbers of IgA AFCs were found in the nasal passages and salivary glands of mice given 40k-OMP plus CT, whereas only a few AFCs were detected in the nasal passages and salivary glands of mice give 40k-OMP alone (Fig. 2B) .
Analysis of cytokine responses
Since nasal immunization with 40k-OMP plus CT induced 40k-OMP-specific Ab responses in both mucosal and systemic compartments, it was important to establish the nature of the CD4 + T cells supporting the 40k-OMP Ab responses. Therefore, we assessed the Th1-and Th2-type cytokine responses induced by nasal immunization with 40k-OMP plus CT in aged mice. The 40k-OMP-stimulated CD4 + T cells from spleens of the mice given 40k-OMP plus CT induced high levels of IFN-γ and IL-6. Moreover, restimulation of 40k-OMPspecific CD4 + T cells also produced IL-4 and IL-5 (Fig.  3) . These results showed that nasal immunization with 40k-OMP plus CT induced both Th1-and Th2-type cytokine responses to support 40k-OMP-spcific mucosal IgG1, IgG2a, and IgG2b Ab responses. 
Detection of 40k-OMP-specific IgG subclass responses
Analysis of IgG subclass responses in 2-year-old mice given 40k-OMP plus CT revealed that the major subclass was IgG1, followed by IGg2a and IgG2b responses (Fig.   4) . However, when mice were given 40k-OMP alone via the nasal route, low levels of Ag-specific serum IgG responses were detected.
Comparison of 40k-OMP-specific Ab responses in young versus aged mice
To ensure the efficacy of Ag-specific Ab responses in aged mice, we next compared 40k-OMP-specific Ab responses after nasal immunization in young and aged mice. Although 40k-OMP-specific serum IgG and IgA Ab responses in 1-and 2-year-old mice were significantly lower than those in young mice, sufficient Ab titers were obtained even in 2-year-old mice. Furthermore, 40k-OMP-specific IgA Ab responses comparable to those found in young mice were detected in the nasal washes and saliva of aged mice; the exception was saliva from 2-year-old mice.
Discussion
Previous studies have shown that 40k-OMP-specific rabbit monoclonal Abs inhibit the coaggregation activity of P. gingivalis (11, 13) . These Abs are known to possess + T cells were isolated from spleens of immunized mice and then cultured with 40k-OMP in the presence of splenic feeder cells. After incubation, culture supernatants were harvested, and the levels of secreted cytokines were assessed by cytokine-specific ELISA. Results are expressed as the mean ± SD (n = 5 per group). *P < 0.05 and **P < 0.01 compared with mice given 40k-OMP alone; # P < 0.05 compared with 8-week-old mice immunized with 40k-OMP plus CT. Fig. 4 40k-OMP-specific IgG subclass responses. Two-year-old mice were nasally immunized with 40k-OMP alone (clear bars) or 40k-OMP plus CT (solid bars) as above. Results are expressed as the mean ± SD (n = 5 per group). *P < 0.05 and **P < 0.01 compared with mice given 40k-OMP alone.
complement-mediated bactericidal activity against P. gingivalis and opsonic activity on human neutrophil function for phagocytosis of P. gingivalis (11, 15) . These findings also suggest that 40k-OMP is an effective Ab for induction of protective immune responses, and support its consideration as a candidate for the development of a human vaccine (16) .
Intranasal administration of vaccine Ags has been widely used for mucosal immunization because it delivers Ag directly with IgA-inductive sites, termed nasal-associated lymphoid tissues, without the influence of digestive enzymes and acids in the gastrointestinal tract (27) . In this study, we demonstrated that nasal administration of 40k-OMP plus CT as an adjuvant induced significant 40k-OMP-specific IgG and IgA Ab responses in serum and IgA Ab responses in nasal washes and saliva of aged mice. Furthermore, immunization with 40k-OMP plus CT induced both Th1-or Th2-type cytokine responses from the splenic CD4 + T cells of aged mice. Therefore, nasal delivery of 40k-OMP plus CT may be an effective route of immunization for induction of specific protective immunity against P. gingivalis infection in aged mice. As a mucosal adjuvant, CT given via mucosal routes induces Th2 cells, which produce high levels of IL-4 (28) (29) (30) . Our previous studies also showed that CT as an adjuvant induced Th2-dominant immune responses consisting primarily of IL-4 production in young mice (16, 18) . However, the present results in aged mice showed that nasal immunization with 40k-OMP plus CT induced high levels of IFN-γ as well as IL-4, which favor Th1-and Th2-type responses, respectively. Furthermore, the predominant Ag-specific serum IgG subclasses were IgG1, followed by IgG2a and IgG2b. In a previous study, nasal immunization with P. gingivalis fimbrial protein plus CT induced both Th1-and Th2-type cytokine responses in CD4 + T cells of the nasal passage and submandibular glands (31) . A recent study has also shown that mucosal dendritic cells stimulate CD4 + T cells for induction of Th1-and Th2-type responses (32) . Thus, immunization via mucosal routes may favor the induction of both Th1-and Th2-type responses. Furthermore, the induction of Th1-and Th2-type responses may also be determined by the properties of the vaccine Ags as well as age.
It has often been suggested that experimental mice should be at least 2 years old to be suitable models for evaluation of vaccines aimed at elderly humans (33) . For this reason, 2-year-old mice were immunized nasally with 40k-OMP plus CT as an adjuvant. In terms of Ag-specific Ab responses, 2-year-old mice given 40k-OMP with CT failed to develop mucosal responses in saliva, although sufficient Ab titers did develop in 1-year-old mice. However, mice that received CT as a mucosal adjuvant showed a significant Ag-specific systemic IgG Ab response, although Ab titers in 1-year-and 2-year-old mice were significantly reduced in comparison with those in young mice. Similar results were obtained in a previous study in which nasal administration of CT as an adjuvant failed to induce mucosal S-IgA Ab responses in 2-year-old mice, although Ag-specific systemic IgG Ab responses were essentially identical to those observed in young mice (34) . In this regard, P. gingivalis colonizes both subgingival and supragingivial biofilms (35, 36) . Therefore, generation of IgG responses in crevicular fluid could be a more effective and practical way to reduce P. gingivalis colonization and resulting inflammation.
In summary, intranasal administration of 40k-OMP plus CT provides an effective means of eliciting IFN-γ-producing Th1-as well as IL-4-and IL-5-producing Th2-type cells among splenic CD4 + T cells for the induction of serum IgG, IgA, and mucosal IgA Ab responses. These findings suggest that nasal delivery of 40k-OMP plus CT can be a potential vaccine strategy for eliciting levels of Abs sufficient to provide protective immunity in aging individuals.
